Rationale: Mutations in the gene encoding the sarcomeric protein cardiac myosin-binding protein C (cMyBP-C) are a leading cause of hypertrophic cardiomyopathy (HCM). Mouse models targeting cMyBP-C and use of recombinant proteins have been effective in studying its roles in contractile function and disease. Surprisingly, while the N-terminus of cMyBP-C is important to regulate myofilament binding and contains many HCM mutations, an incorrect sequence, lacking the N-terminal 8 amino acids has been used in many studies. Objectives: To determine the N-terminal cMyBP-C sequences in ventricles and investigate the roles of speciesspecific differences in cMyBP-C on myofilament binding. Methods and results: We determined cMyBP-C sequences in mouse and human by inspecting available sequence databases. N-terminal differences were confirmed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Cosedimentation assays with actin or myosin were used to examine binding in mouse, human and chimeric fusion proteins of cMyBP-C. Time-resolved FRET (TR-FRET) with site-directed probes on cMyBP-C was employed to measure structural dynamics. LC-MS/MS supported the sequencing data that mouse cMyBP-C contains an eight-residue N-terminal extension (NTE) not found in human. Cosedimentation assays revealed that cardiac myosin binding was strongly influenced by the presence of the NTE, which reduced binding by 60%. 75% more human C0-C2 than mouse bound to myosin. Actin binding of mouse C0-C2 was not affected by the NTE. 50% more human C0-C2 than mouse bound to actin. TR-FRET indicates that the NTE did not significantly affect structural dynamics across domains C0 and C1. Conclusions: Our functional results are consistent with the idea that cardiac myosin binding of N-terminal cMyBP-C is reduced in the mouse protein due to the presence of the NTE, which is proposed to interfere with myosin regulatory light chain (RLC) binding. The NTE is a critical component of mouse cMyBP-C, and should be considered in extrapolation of studies to cMyBP-C and HCM mechanisms in human. tractile dysfunction at the level of cross-bridge cycling. This Abbreviations and acronyms: cMyBP-C, cardiac myosin-binding protein C; HCM, hypertrophic cardiomyopathy; LC-MS/MS, liquid chromatography-tandem mass spectrometry; NTE, N-terminal extension; TR-FRET, time-resolved fluorescence/Förster resonance energy transfer; C0-C2, N-terminal fragment of cMyBP-C comprised of C0-P/A-C1-M-C2 domains and linkers; P/A, proline/alanine-rich linker between domains C0 and C1; ESTs, expressed sequence tags; hWT, wild-type human C0-C2; mWT, wild-type mouse C0-C2; hLF, long form of human C0-C2; hNT, N-terminal tagged human C0-C2; mSF, short form of mouse C0-C2; DDPM, N-(4-(dimethylamino)-3,5-dinitrophenyl)-maleimide; IAEDANS, (1,5-IAEDANS 5-((((2-Iodoacetyl)amino)ethyl)amino) Naphthalene-1-Sulfonic Acid); R s , distance (Å); R 0 , Förster distance of donor-acceptor pair at which the energy transfer efficiency is 50%; Γ s , full width at half maximum; F-actin, filamentous actin; DTT, dithiothreitol; K d , dissociation constant; B max , maximum molar binding ratio; m, starting methionine that is post-translationally removed; M-domain, phosphorylatable linker between C1 and C2; RLC, myosin regulatory light chain; S2, myosin subfragment-2; WT, wild-type ⁎
Introduction
Hypertrophic cardiomyopathy (HCM) is a leading cause of sudden death among young individuals and has a prevalence of > 1 in 500 in the general population [1] . HCM is characterized by unexplained left ventricular hypertrophy without dilation. Patients are prone to abnormalities such as diastolic dysfunction and arrhythmias that result in unpredictable heart failure at any age [2] . Mutations in myofilament proteins, most commonly in the genes encoding cardiac myosin-binding protein C (cMyBP-C) and β-myosin heavy chain [3, 4] , are the initial cause of HCM. While progression of inherited HCM, from mutation to clinical phenotype is not well understood, it is currently thought that altered myofilament protein structure causes an initial insult of con-dysfunction, over several decades, leads to progressive compensatory remodeling and eventual failure of the heart [5] .
cMyBP-C is a thick filament-associated protein that is uniquely positioned in the sarcomere [6] , capable of tuning contractile function by dynamic cross-bridge interactions. Mutations in cMyBP-C may result in altered contractility in HCM [7, 8] . While the exact location, modular crystal structure, and mechanisms of cMyBP-C are not yet known, researchers have routinely used mouse models, recombinant protein, and transgene approaches in studies of cMyBP-C in order to illuminate structural and functional roles. Recent studies have revealed that the Nterminus of cMyBP-C, particularly domains C0 through C2 (C0-C2: C0-P/A-C1-M-C2), is important for dynamically interacting with actin and myosin, and thereby in modulating contraction [9] [10] [11] [12] [13] . Phosphorylation of cMyBP-C by PKA at the M-domain, through β-adrenergic signaling, greatly reduces actin-myosin binding [14] [15] [16] [17] probably by inducing a conformational change within C0-C2, as we, and others have shown [18, 19] .
Future studies of cMyBP-C using mouse models and recombinant protein offer great promise for understanding the molecular underpinnings of this multifaceted myofilament protein function and associated human cardiac disease. However, it is unfortunate that the Nterminal residues of the mouse protein sequence currently remain undefined as it exists in the heart. An early mouse cMyBP-C cDNA sequence (e.g., GenBank: AF097333.1) is commonly used in studies of transgenic mice and recombinant proteins. It coincidentally starts at the same methionine as human (both translated protein sequences begin MPEP…). Importantly, this differs from the mouse genomic sequence (e.g., GenBank: AK146886.1 or AK146661.1) and numerous ESTs (e.g., GenBank: CA490691.1 or BY739189.1). The genomic sequence presumably provides the correct cMyBP-C protein sequence expressed in mouse myocardium. The cMyBP-C genomic and additional mouse ESTs contain an eight-residue N-terminal extension (NTE) of unknown importance preceding the starting methionine of the original mouse cDNA and human cMyBP-C sequences. In addition to the NTE, mouse and human sequences also vary significantly in the proline/alanine-rich linker (P/A) between C0 and C1 and this has been predicted to influence species-specific functions of cMyBP-C [9] .
The aim of this study was to confirm the N-terminal sequence difference of cMyBP-C expressed in ventricles isolated from mouse or human (non-HCM) donors. We have then investigated, for the first time, the effects of species isoform differences on cMyBP-C N-terminal interactions with myofilaments. We also compared protein structural dynamics between the C0 and C1 domains (separated by the speciesspecific P/A) of the mouse (with and without its NTE) and human cMyBP-C. These findings aid in establishing a foundation of wild-type human and mouse characteristics of N-terminal cMyBP-C binding to myofilaments, providing mechanistic insight for determining perturbations to normal function due to HCM mutations and shedding light on species-specific differences in cMyBP-C interactions with myofilaments.
Methods (See also: Online Supplement)

Isolation of ventricular mouse and human cMyBP-C by SDS-PAGE
Mouse hearts were obtained from 3 commonly used WT strains (SVE/129, Black 6, and FVB/N, JAX Labs) by excision under euthanasia. Hearts were rinsed of blood in ice-cold Ringer's solution containing 118 mM NaCl, 4.8 mM KCl, 2 mM NaH 2 PO 4 , 1.2 mM MgCl 2 , 25 mM HEPES, 11 mM glucose, and 0.5 mM CaCl 2 , pH 7.4, flash-frozen in liquid nitrogen, and stored at -80°C. Human ventricular tissue was from an explanted end-stage failing heart with dilated cardiomyopathy during heart transplant surgery, a kind gift from Dr. Zain Khalpey's biobank at the University of Arizona. Cardiac myofibrils were prepared for electrophoresis as described previously [20] , which is a modified protocol originally developed by Holroyode et al. [21] . For human myofibrils cMyBP-C was extracted prior to SDS-PAGE, overnight at 22°C, with 10 mM EDTA 31 mM Na 2 HPO 4 , 124 mM NaH 2 PO 4 , pH 5.9 [22, 23] . Full-length ventricular cMyBP-C samples from skinned cardiac myofibrils were separated by Coomassie stained SDS-PAGE for mass spectrometry analyses.
Mass spectrometry acquisition and analyses
Following SDS-PAGE, the gel bands suspected to be mouse or human cMyBP-C (~150 kD) were sent to Taplan Mass Spectrometry Facility at Harvard Medical School (Cambridge, MA) to identify protein peptide sequences. Sample identity was determined following in-gel digestion of the denatured band (trypsin for mouse; α-chymotrypsin for human), micro-capillary LC/MS/MS analysis, protein database search and analysis, and web-based reporting of data [24] .
Actin and myosin filament preparations
Actin was prepared from rabbit skeletal muscle by extracting acetone powder in cold H 2 O as described in Prochniewicz [25] and Colson et al. [26] with minor modifications. Murine α-cardiac myosin was prepared as described in Wikman-Coffelt [27] and Uchida et al. [28] with minor modifications. See Online Supplement for details.
Recombinant C0-C2 preparations
pET45b vectors encoding E. coli optimized codons for the C0-C2 portion of mouse and human cMyBP-C with N-terminal 6× His tag and TEV protease cleavage site were obtained from GenScript (Piscataway, NJ). In vitro mutagenesis was used to create versions where the TEV protease cleavage site and 6× His tags were located at the C-terminus. In addition to wild-type (WT) mouse and human C0-C2, four mutants were generated. Two mutants were used to test the importance of the mouse NTE for actin and myosin binding: mouse short form [mSF, lacking the 8 amino acid N-terminal extension (NTE) found in mouse but not human cMyBP-C] and human long form (hLF, containing the mouse NTE). Myosin binding experiments utilized mSF2 made as an Nterminal tagged fusion protein (following TEV protease cleavage to remove the tag the N-terminus begins GMPEP…) while actin binding and TR-FRET studies utilized mSF1 made as a C-terminal tagged fusion protein (N-terminus begins mPEP…). For TR-FRET studies four mutants were constructed: mouse S93C (previously S85C), human S85C, mSF1 S85C and hLF S93C. C0-C2 contains 5 native Cys; however, only a single Cys, mouse C256 (previously C248) and human C249, is readily labeled with thiol-reactive fluorescent probes under our labeling conditions (see Online Supplement). Thus, mutant C0-C2 for TR-FRET studies contained two reactive Cys to perform distance measurements between probes on C0 (S93C in mouse; S85C in human) and C1 (C256 in mouse; C249 in human) across the proline/alanine-rich linker (P/A) that is flexible and disordered [29, 30] . Mutations were engineered in the WT mouse/human C0-C2 using a Q5 Site-Directed Mutagenesis Kit (New England Bio Labs, Ipswich, MA). All sequences were confirmed by DNA sequencing (Eton Biosciences, San Diego, CA). For details of protein production and subsequent purification refer to the Online Supplement. TEV-cleaved C0-C2 was concentrated, dialyzed to 50/50 buffer (50 mM NaCl and 50 mM Tris pH 7.5) and stored at 4°C with 1 mM DTT added weekly and used for experiments within two weeks. DTT was not added to proteins to be labeled for TR-FRET.
TR-FRET-based distance measurements in C0-C2
Mouse (S93C), human (S85C), mSF1 (S85C), and hLF (S93C) C0-C2 were labeled with donor/acceptor. Spectroscopic data acquisition for FRET experiments were performed at 25°C. TR-FRET waveforms were analyzed globally in model -independent and -dependent fittings. A single-Gaussian distance distribution, corresponding to the structural dynamics across the P/A from C0 to C1 was characterized by a center distance R s and a full width at half-maximum Γ s , was used to compare mouse and human structural dynamics. Labeling, spectroscopic data acquisition and FRET analyses are described in detail in the Online Supplement.
Cosedimentation assays
Prior to actin or myosin binding, C0-C2 proteins were dialyzed into either actin binding buffer or myosin binding buffer and any insoluble proteins were removed by centrifugation for 30 min, 4°C, 120,000 rpm (513,000 x g) in a Beckman TLA-120.2 rotor in an Optima TLX ultracentrifuge (Beckman Coulter, Fullerton, CA). In the absence of actin or myosin, some sticking to centrifuge tubes of C0-C2 was observed. To reduce this, tubes were coated by incubating with 30 mg/ml BSA (4°C overnight or at room temperature for 2 h) followed by rinsing with binding buffer. In all experiments identical samples were prepared in the absence of myosin or actin and the resulting background was subtracted from the cosedimenting values.
The affinity of native skeletal actin for C0-C2 was measured as in Rybakova et al. [31] and fully described in Online Supplement.
Binding of C0-C2 proteins to myosin was as described in Moos et al. [32] . Binding was done in myosin binding buffer (500 mM KCl, 0.5 mM DTT, 10 mM imidazole pH 7.0). A constant 0.78 μM of myosin (7.5 μg in 40 μl) was incubated with increasing amounts of C0-C2 for 20 min at room temperature. While vortexing, 160 μl of H 2 O was added to reduce the KCl to 100 mM and promote myosin filament formation. Following 30 min incubation on ice, myosin filaments and bound C0-C2 were collected by centrifugation (30 min, 4°C, 50,000 rpm (100,000 x g) in a TLA-100 rotor (Beckman). Pellets were rinsed with 200 μl of diluted myosin binding buffer (100 mM KCl, 2 mM imidazole pH 7) and then dissolved in 25 μl of SDS protein sample buffer (Invitrogen). C0-C2 and myosin were resolved by SDS-PAGE (4-12% NuPAGE Bis-Tris Gels with MOPS running buffer, Thermo Fischer Scientific), stained with Coomassie blue R-250, imaged using an Odyssey CLx, and quantitated using Image Studio (LI-Cor Biosciences).
Quantification of binding data
The ratio of electrophoresis-separated band intensities of recombinant C0-C2 to actin or myosin in each lane loaded from the centrifuge tube of pelleted proteins was converted to a molar ratio (mole of cMyBP-C/mol of actin or myosin) using the known sizes of each protein. Staining intensity was linear over the amount of actin or myosin loaded in each cosedimentation assay.
Details of binding data fitting are described in the Online Supplement.
Statistics
Sample means are from three or more independent experiments, and numbers of observations (n) are given in the figure legends. Each experiment was carried out using at least two independent protein preparations. Average data are provided as mean ± SE. Statistical significance was evaluated by use of an unpaired t-test.
Results (See also: Online Supplement)
N-terminal sequence analysis of mouse and human cMyBP-C
Examination of mouse genomic sequences (e.g., GenBank: AK146886.1, AK146661.1, NC_000068.7, AC016982.4) indicates that mouse cMyBP-C begins with 8 amino acids (the N-terminal extension, NTE) not present in human cMyBP-C. This extension is also found in a very closely related species the Ryukyu mouse (Mus caroli; XP_021006227.1) but not in the more distantly related shrew mouse (Mus pahari; XP_021048157.1) nor in rat (Ratus norvegicus; XP_006234565). This NTE is missing in an early mouse cMyBP-C cDNA sequence (e.g., GenBank: AF097333.1) that is commonly used in studies of transgenic mice and recombinant proteins. Failure to identify the upstream start methionine codon likely arose from an error in generation of the original cDNA resulting in a sequence lacking the NTE and beginning with the same methionine as human (both translated protein sequences begin MPEP). In addition to the genomic sequences establishing the existence of the NTE in mouse, the vast preponderance of cDNAs and ESTs from mouse contain the upstream start codon (e.g. GenBank: NM_008653.2, AK146886.1, AK146661.1, BC094945.1, CA490691.1, CA495773.1, CA495480.1, CA490571.1, CA490567.1, BY740080.1).
To confirm the addition of the 8 amino acids in mouse cMyBP-C, revealed from genomic and translated DNA databases, we examined the N-terminal cMyBP-C protein sequence expressed in ventricles of adult mouse and human samples. Proteins present in myofibrillar preparations from ventricles were separated by SDS-PAGE ( Fig. 1A ) and the band(s) corresponding to full-length cMyBP-C's molecular weight~150 kD were cut out of the gel and analyzed for amino acid sequence composition using mass spectrometry. Sequences of mouse and human ventricular samples were verified to be in agreement with genomic DNA on chromosome 11 of mouse and human cMyBP-C (NC_000077.6 and NC_000011.10, respectively) ( Fig. 1B) . As expected, LC-MS/MS confirmed that mouse cMyBP-C (n = 3 strains) contains an eight-residue N-terminal extension (NTE: mPGVTVLKM) that is not found in human cMyBP-C (Fig. 1C ), preceding the canonical human N-terminal sequence mPEPGKKPV (Fig. 2 ). In addition, the starting methionine (m) of both mouse and human was removed by aminopeptidase following synthesis, leaving a non-acetylated proline as the first residue in ventricles of both species.
We next confirmed that C0-C2 fusion proteins produced in E. coli contained the correct N-terminus. Mouse and human C0-C2 encoding protein sequences corresponding to the ventricular protein sequences were cloned into an E. coli expression vector that (pET45b) that included a C-terminal 6× His-tag to accommodate purification from bacterial cells. LC-MS/MS confirmed that in these C-terminal tagged human and mouse proteins the starting methionine is post-translationally removed, and each begins with their respective prolines. The recombinant C0-C2 forms used here are depicted in Fig. 3 .
In addition to the NTE being absent in the original mouse C0-C2 cDNA (GenBank: AF097333.1) we also note variability in sequences used in previous experiments that differ from the wild type mouse sequence (NCBI NM_008653.2 and XM_011239341.2). See Online Supplement for details.
Reduced binding of mouse vs human C0-C2 to actin is not due to NTE
We quantified binding interactions between the cMyBP-C N-terminus C0-C2 (comprised of C0-P/A-C1-M-C2) and actin by measuring binding with F-actin using high speed cosedimentation assays. When mixed with actin filaments, C0-C2 pellets along with the F-actin ( Fig. 4A ). Binding was saturable at approximately a~1:1 M ratio of mouse C0-C2 bound to actin (B max = 0.86 ± 0.04) and a K d of 7.9 ± 1.1 μM ( Table 1 ). The apparent binding affinity of human C0-C2 (K d of 8.6 ± 1.6 μM) to actin was indistinguishable from mouse C0-C2 binding (Table 1) ; however, human C0-C2 had a greater molar binding ratio than mouse ( Fig. 4A , Table 1 ; B max = 1.28 ± 0.07 vs 0.86 ± 0.04, p < .02). Removal of the NTE from mouse C0-C2, mouse short form (mSF1), did not alter its binding to actin (B max = 0.85 ± 0.04, K d of 10.7 ± 1.6 μM; Fig. 4B ; Table 1 ). These data are consistent with earlier studies [16] that utilized mSF. Addition of the mouse NTE onto the human C0-C2 (hLF) interfered with actin binding (Fig. 5 ; Table 1 ).
Mouse NTE strongly inhibits myosin filament binding
Mouse and human C0-C2 binding to myosin filaments have not been directly compared, to our knowledge. In cosedimentation assays, we found marked differences in binding between mouse and human C0-C2. Human C0-C2 bound myosin nearly twice as much (mol/mol) compared to mouse C0-C2 over five concentrations from 0 to 60 μM C0-C2 ( Fig. 6) . Curve fittings yields a 74% increase in binding for human versus mouse C0-C2 (mouse B max = 0.82 ± 0.05, human B max = 1.43 ± 0.02, p < .0001).
To determine if the difference in species isoform binding to myosin is due, in part, to the mouse NTE, we removed it from mouse C0-C2 and added it onto human C0-C2. We compared myosin cosedimentation of these variants with that exhibited by human C0-C2 at 40 μM C0-C2 added to 0.78 μM myosin ( Fig. 7) . At these concentrations, binding is near the beginning of saturation and there is a large separation between mouse and human binding (Fig. 6 ). Mouse C0-C2 binding is 60% that of the human isoform ( Fig. 7; 8 separate experiments with different protein preps; 3-5 cosedimentations per experiment for a total of 33 samples each, p < .005). Removal of the NTE (mouse short form, mSF2) significantly increased the cosedimentation (p ≤ .0001) to 162% that seen in human C0-C2 (3 experiments with different protein preps; 3-4 cosedimentations per experiment, 10-12 total samples each). Addition of the mouse NTE to human C0-C2 (human long form, hLF) reduced its cosedimentation (p < .007) to 60% wild type human C0-C2, a level that is the same as that seen with mouse C0-C2. An N-terminally tagged hC0-C2 containing 28 unrelated amino acids, hNT, did not significantly (p = .19) affect binding. These data suggest that the mouse NTE plays a major inhibitory role in reducing mouse cMyBP-C binding to myosin.
cMyBP-C FRET indicates conservation between species in the C0 to C1 spatial relationship
Differences observed in mouse and human C0-C2 binding to myosin filaments might be the result of the NTE directly interfering with binding or alternatively the NTE could act indirectly by changing the spatial relationship between myosin binding sites in C0 and C1 as both of these domains in human cMyBP-C have been shown to interact with myosin [RLC and S2 [10, 33] ]. In addition to containing the unique NTE preceding C0, there is species variability in the P/A between C0 and C1 that could influence the distance between them and the activity of cMyBP-C [9] . We used time-resolved FRET (TR-FRET) to probe the spatial relationship of C0 to C1 in mouse and human proteins.
Intramolecular distance and dynamics measurements were made in engineered C0-C2 constructs with one probe in the C0 domain (S93C in mouse; S85C in human) and the other probe attached to the endogenous thiol-reactive Cys in domain C1 (C256 mouse; C249 human). These site pairs in mouse and human are located in analogous positions in each isoform, so differences in FRET lifetimes can be attributed to differences in the three-dimensional protein arrangement rather than differences in location of the probes within each protein.
Using IAEDANS donor and DDPM acceptor we employed FRET as a molecular ruler [34] . The presence (hLF) or absence (mSF1) of the NTE also had no effect on probes ( Table 3 , Fig. S1 ). Gaussian analysis of these FRET data gave a distance between probes centered around 2.9 nm for all chimeras. The full width at half-maximum Γ s , a measure of the order/disorder was 1.6 nm ( Table 3 , Fig. S1 ).
Discussion
cMyBP-C is a crucial regulator of cardiac contractility and mutations in the gene encoding it are a leading genetic cause of inherited HCM. For this reason intensive work using mouse models exploring the functions of cMyBP-C is underway in several laboratories. Our studies suggest that there are significant differences between mouse and human cMyBP-C that need to be considered when translating results from mouse studies to the human protein. First, due to the presence of an upstream start codon the mouse protein contains 8 amino acids at its Nterminus that are not present in human cMyBP-C ( Fig. 2) nor in mouse proteins used in many current studies both in vitro and in vivo. Second, the presence of this 8 amino acid NTE affects the interactions between cMyBP-C and myosin (Fig. 6 ). Third, we present the first curves of human C0-C2 binding to actin (Fig. 4 ). Finally, in vitro molecular distances and dynamics between the first two Ig-like domains (C0 and C1) are similar among the mouse, mSF1, human, and hLF chimeras of cMyBP-C (Table 3 , Fig. S1 ). One possibility consistent with these results is that the NTE interacts with myosin as an inhibitory peptide to reduce interactions at the C0-RLC interface. Nucleotide sequences of numerous cDNAs and mouse genomic DNA indicate that the initial cDNA, which has been used for many, if not most, subsequent studies was missing 8 amino acids at its N-terminus. Instead it begins with a sequence identical to that found in the human protein. Mass spectroscopy analysis of the protein from 3 mouse strains and a human sample confirmed the presence of the 8 amino acid NTE in the mouse cMyBP-C protein. The predicted human N-terminus, lacking the NTE, was confirmed in human cardiac protein. While mass spectroscopy exhibits bias in the peptides it detects and thus might miss a potential mouse protein lacking the NTE or human protein containing it, these findings confirm the overwhelming genetic data. Mass spectroscopy also confirmed that in vivo the N-terminal methionine is removed leaving a non-acetylated proline as the first amino acid in both 
C1 C2 Fig. 3 . C0-C2 constructs. Schematic representation of the cMyBP-C "C0-C2" fragment constructs used in this study. (A) Wild Type C0-C2 constructs differ in their N-terminal sequence, with the mouse (white) isoform containing an N-terminal extension (NTE, underlined) relative to human (gray). All constructs, with the exception of mSF2 and hNT, (defined below) contain a TEV protease-cleavable C-terminal 6× His tag (extending from domain C2) for purification that is removed for functional and structural studies, (cleaved tags not shown). Starting methionine residues (m) were not present in the mature proteins.
(B) Mouse short form (mSF1) has the 8-residue NTE removed from the N-terminus and used for actin binding and TR-FRET studies. A second mouse short form (mSF2) was constructed as an N-terminal tagged protein and the resulting protein after removal of the tag with TEV protease begins GMPEP (see methods) and used for myosin binding studies. Human long form (hLF) has the 8-residue mouse NTE added to the N-terminus. Human N-terminal tagged (hNT) C0-C2, used as an uncleaved control for myosin binding assays to non-specifically extend the N-terminus, contains a 6× His tag, 15 amino acids from the pET45 vector, and the TEV recognition sequence for a total of 28 amino acids at the amino terminus prior to GMPEP. (C) WT C0-C2 has a single endogenous Cys in domain C1 (C249 human, C256 mouse) that is readily labeled by thiol-reactive probes. A second Cys in C0 is introduced by site-directed mutagenesis (S85C in human; S93C in mouse) in order to measure FRET distances from C0 to C1. The S93C/S85C were also introduced into the mSF1/hLF chimeras for TR-FRET. . Each experiment was done with independently prepared C0-C2 proteins (n = 4-6). See Table 1 for summary of actin binding results for apparent K d and B max values. cases ( Fig. 1B-C) . Being non-acylated is expected to confer stability (a long half-life) on both mouse and human cMyBP-C proteins via the Nend-rule pathway [35] . Examination of other nucleotide sequences in available databases suggests that house mouse (Mus musculus) is not the only species to have additional sequences prior to the previously recognized start methionine. The closely related Mus caroli (Ryukyu or ricefield mouse) sequence contains the identical 8 amino acid NTE (XP_021006227.1) while more distantly related Mus pahari (shrewmouse) sequence (XP_021048157.1) apparently begins at the same initial methionine as is found human cMyBP-C. The hypothetical desert woodrat cMyBP-C sequence (OBS65447.1) appears to have 15 rather divergent amino acids preceding C0. Further investigation is warranted to determine whether the NTE's in these particular small mammals have evolved to reduce myosin binding to accommodate high heart rates or tuning of other related features of cMyBP-C in the myocardium such as reduced myofilament sliding inhibition or viscoelastic load.
N-terminal domains of cMyBP-C, the "business end" of the molecule, are thought to regulate contractility through their interactions with actin and myosin and we have examined the effect of the NTE on these interactions. Binding of wild type (containing the NTE) mouse cMyBP-C to actin filaments in cosedimentation assays ( Fig. 4A-B , Table 1 ) appears to be very similar to that observed in previous work that used mouse cMyBP-C without the NTE [16] . Comparison of mouse to human C0-C2 binding to actin using cosedimentation indicates similar affinities but species-specific differences may be important to actin binding as 50% more human protein was seen to bind F-actin ( Fig. 4A-B , Table 1 ). Addition of the mouse NTE to the human protein significantly reduced its binding (Fig. 5 , Table 1 ). More work would be required to explain the mechanism of this interference in this interspecies hybrid protein. We can speculate that the NTE may somehow interact with actin binding residues in C0 thereby reducing its ability to bind actin. We speculate that the mouse C0 domain evolved to accommodate the NTE so that these interactions do not occur resulting in no effect of the NTE on its ability to bind actin. We note that these studies address actin binding, whereas in the intact system actin is decorated with troponin and tropomyosin, which could substantially alter the binding affinities.
To examine the effect of the mouse NTE on the ability of cMyBP-C to interact with myosin, we first established binding curves for wild type mouse and human C0-C2 with mouse cardiac myosin and then proceeded to examination of mutations removing the NTE from mouse and adding it to human. Fig. 5 . Actin cosedimentation assays: NTE chimeric mutants. Chimeric NTE mutant cMyBP-C fragments of C0-C2 compared to wild type mouse or human C0-C2 binding to actin filaments was determined by cosedimentation. Cosedimentation binding experiment with increasing amounts of (A) mouse WT or mSF1 C0-C2, or (B) human WT or hLF C0-C2, and constant 5 μM actin. Binding curves fit to a quadratic equation (see Methods). Each experiment was done with independently prepared C0-C2 proteins (n = 4-6). See Table 1 for summary of actin binding results for chimeric C0-C2. We find highly significant differences between mouse and human C0-C2 binding to and cosedimenting with mouse cardiac myosin. Mouse C0-C2 saturated binding at approximately half the levels of human C0-C2 ( Fig. 6, Table 2 ). It appears that this difference may be directly mediated by the NTE as its removal from mouse C0-C2 increases myosin binding and its addition to human C0-C2 reduces binding to levels seen in the mouse protein. As we comment above for actin binding, negative results obtained from an interspecies chimeric protein, where mouse NTE has been added to a human protein not evolved to accommodate it, should be viewed with caution. However, the complementary positive results where removal of the NTE from mouse C0-C2 dramatically increases binding to myosin strongly suggests a direct role for the NTE. The lack of significant inhibition by an alternative 28 amino acids added to the human protein (hNT, Fig. 7 ) is consistent with a role for the specific amino acids in the NTE as opposed to steric hindrance of random amino acids at the N-terminus.
The balance of α versus β myosin isoform present in cardiac muscle is a major determinant of cross-bridge kinetics [36] [37] [38] , which is further modulated by cMyBP-C [39] . It is important to note that mouse cardiac myosin, used here, is mainly the α-myosin isoform and further work will be needed to determine if these differences extend to βmyosin (the predominant form in human ventricular tissue). With this caveat in mind it is tempting to speculate that the reduced binding to myosin or actin by mouse cMyBP-C that we observe has evolved in response to the increased heart rate of mice over other mammals [40] . One possibility is that human cMyBP-C (within the C0-C2 portion) interacts with both RLC and S2, whereas mouse cMyBP-C interacts with only one site. This would result in reduced cMyBP-C interactions with the myofilament to accommodate high heart rates, whereas humans and other larger mammals lacking the inhibitory NTE would exhibit enhanced cMyBP-C-myofilament binding in diastole.
NMR chemical shift perturbations in C0 observed as it interacts with RLC and mini-HMM (a short portion of heavy meromyosin to which the RLCs bind, as in [10] ) places one of the three interaction surfaces directly adjacent to the 9 amino acids preceding C0 in human cMyBP-C. These results suggest that it is the RLC binding interface that is most likely to be impaired by the NTE. The lack of evidence for simple steric hindrance suggests that residues of the NTE might interfere with C0-RLC interaction surfaces by folding back onto C0 Ig-like domain binding residues necessary for RLC binding, thereby masking them. Whatever the mechanism, NTE inhibition, if it acts through RLC it would extend to situations where mouse cMyBP-C interacts with either α or β-myosin as both contain the same RLC isoform.
In addition to the mouse NTE, other amino acids attached to the amino terminus may have effects on myosin interactions and care should be taken when attaching additional amino acids to the N-terminus of cMyBP-C proteins. Our findings of N-terminal function using chimeric proteins are also consistent with the idea that the NTE is a major regulator of cMyBP-C binding to myosin, and this knowledge could even be exploited for development of cMyBP-C based therapies to tune contractility in cardiac disorders. We note that HCM mutations in C0 have been reported to reduce binding to the RLC, which could act to release inhibition of myosin heads by cMyBP-C resulting in hypercontractility in the disease pathology.
We envision that cMyBP-C interaction with actin and myosin can be modulated by species-specific amino acid differences directly by changing residues responsible for contacts or indirectly by changing distances and dynamics between interaction surfaces. To initiate the assessment of species-specific domain relationships we have compared the distances and dynamics between sites on C0 and C1 in mouse and human cMyBP-C. As both of these domains contain proposed myosin interaction sites, the distance and degree of order/disorder between them are predicted to influence myofilament interactions [30] . No detectable differences in the spatial relationship of C0 to C1 were observed for the mouse and human proteins or the mSF1 and hLF mutants ( Table 3 , Fig. S1 ). This lack of structural variability among the 4 chimeras is consistent with the NTE interacting with the adjacent C0 binding site for myosin. It remains unknown whether these changes in binding that we observe in solution significantly impact functional interactions in the sarcomere. Spatial relationships between N-terminal domains when bound to actin and/or myosin will likely be different from those we have measured for isolated C0-C2 proteins in solution. Importantly, in vivo cMyBP-C interacts with thin filaments not bare actin.
Previous in vitro studies of mSF cMyBP-C remain important and valid. The NTE does not appear to affect the overall unbound N-terminal structure as indicated by no significant difference in distances between sites on C0 and C1 (Fig. 5A , Table 1 ). Actin binding is un-altered by the presence or absence of the NTE in the mouse protein. A major effect on myosin binding is seen and studies of mSF and myosin interactions would be subject to new interpretations. However, most studies of myosin binding have used human cMyBP-C [10, 15] .
Finally, the NTE's affect on in vitro binding and in vivo contractile kinetics may be modulated by phosphorylation of cMyBP-C in the motif region between C1 and C2. When cMyBP-C is not phosphorylated, as in our work here, the balance between actin versus myosin binding is different in mSF and mouse wild type cMyBP-C due to the strong effect of the NTE on myosin binding and the absence of an effect on actin binding. These differences may contribute to species-specific differences between human and mouse responses to the phosphorylation state of cMyBP-C.
Conclusions
The major finding of our study is that mouse cMyBP-C has an 8 amino acid NTE that is not found in the human protein and this greatly reduces its binding to myosin (Fig. 7) . These results are consistent with the idea that the NTE, rather than other species-specific sequence variations, is a regulator of myosin binding possibly mediated through interactions with the RLC. It remains that other sequence differences between humans and mice, besides the NTE, could possibly play a role in this inhibitory myosin-binding mechanism of cMyBP-C ( Fig. 6 , Table 2 ). In contrast to these robust myosin-binding effects, we did not detect any differences in actin binding affinity or TR-FRET distance analyses due to the NTE.
Importantly, we also observed that human N-terminal cMyBP-C bound both myosin and actin filaments with a significantly greater molar occupancy than mouse. Here, the NTE plays a role in myosin but not actin binding. Thus, both the NTE and other species-specific sequences play roles in increased binding stoichiometry of actomyosin in Table 2 Apparent dissociation constants (K d ) and molar binding ratios (B max ) for binding of recombinant C0-C2 chimeric proteins to myosin filaments.
C0-C2
K d B max Mouse 16.5 ± 3.0 0.82 ± 0.05*** Human 18.2 ± 0.9 1.43 ± 0.02
Data represent mean ± S.E. Significant difference in B max relative to human C0-C2 (*p < .0001). 3.0 ± 0.1 1.9 ± 0.1 hLF S93C
3.0 ± 0.1 1.9 ± 0.2
Data represent mean ± S.E. No significant differences observed between centers or widths among chimeras.
humans as compared to mouse. It is clear that the N-terminal extensions, domains, and linkers of cMyBP-C confer plasticity, and tunability of cardiac performance. They therefore offer promise for devising preventative and/or curative strategies for cardiomyopathy and other cardiac disorders. While wild-type (i.e., containing the NTE) sequences should be used for studying mouse cMyBP-C, studies performed with mouse cMyBP-C lacking the NTE conceivably hold enhanced impact in the broader context of understanding the human cMyBP-C due to interactions with myosin that have been humanized. Future work will need to resolve whether removal of the NTE has been fortuitous or has complicated the study of mechanisms of human cardiac function and disease.
